1. Introduction {#s0005}
===============

Viruses transmitted through the gastrointestinal system (*e.g*., enteroviruses) or the respiratory system (*e.g*., SARS-Cov-2, MERS, SARS-Cov-1) are becoming world-wide concerns severely threatening human beings, owing to their extremely strong infectivity, high morbidity and high mortality [@b0005], [@b0010]. Among them, Enterovirus 71 (EV71) is a non-enveloped single-strand RNA virus, constituting the dominant causative agent of hand, foot and mouth disease (HFMD) [@b0015]. This serious disease frequently outbreaks in children in the Asia-Pacific region and Europe, and is frequently associated with meningitis, encephalitis, polio-like syndrome leading to high mortality [@b0020]. In 2012, HFMD outbreaks in the mainland China, causing\>2 million cases and 567 death [@b0025].

Transmission of EV71 between children is frequently mediated by water, food, and air [@b0030], [@b0035]. Therefore, cleaning of the water and air exposing to children by EV71-adsorption materials may facilitate prevention of EV71 infections. Recently, several EV71-adsorption materials (e.g.*,* graphene oxides, metal ion-binding chitosan) have been developed [@b0040], [@b0045]. However, it remains to be investigated to develop EV71-asorption microfibers for preparation of EV71-capturing membranes and masks.

In this study, we synthesized a readily prepared EV71-adsorbing material based on the natural and low-cost cellulose microfibers ([Fig. S1](#s0065){ref-type="sec"}). The initial microfibers were covalently modified by polyglutamic acid (PGA) and mesoporous silica nanoparticles (MSNs), obtaining negatively charged microfibers. The obtained microfibers strongly adsorbed the surface epitope of the EV71 capsid protein VP2, and further exhibited high virus-adsorption activity to EV71 particles. This study enlightens development of cellulose microfiber-based adsorption materials for virus capture.

2. Materials and methods {#s0010}
========================

2.1. Materials {#s0015}
--------------

Tetraethyl orthosilicate (TEOS), hexadecyltrimethylammonium bromide (CTAB), (3-aminopropyl) triethoxysilane (APTES), 1-ethyl-3-\[3-dimethylaminopropyl\] carbodiimide (EDC), and *N*-hydroxysulfosuccinimide (NHSS) were purchased from Sigma, USA. PGA (50--100 kD) was purchased from Heowns, China. NaOH, 2-morpholinoethanesulfonic Acid (MES) were purchased from Guangfu, China. FITC-tagged VP2-ep peptide (FITC-AGGTGTEDTHPPYK) is synthesized by ChinaPeptides, China. The EV71 virus was isolated from stool samples of HFMD patients under routine surveillance and stored in rhabdomyosarcoma (RD) cells.

2.2. Synthesis and characterization of the modified cellulose microfibers {#s0020}
-------------------------------------------------------------------------

The CEL exposing amino groups was covalently modified by PGA (exposing carboxyl groups) and MSNs (exposing amino groups) by two steps of the EDC/NHSS reaction ([Fig. 1](#f0005){ref-type="fig"} a). Firstly, 1 g of cellulose (CEL) was originally obtained from filter papers, cut and suspended in 100 mL deionized water (dH~2~O) containing 1.5 g NaOH and 6 g urea. The suspension was vigorously stirred at −10 °C for 12 h, and then the pH was adjusted to pH 4.0 using acetic acid. 5 mL of APTES was dissolved in 25 mL dH~2~O, and then added into the cellulose suspension. After 24 h of stirring at room temperature, the cellulose microfibers were filtered, washed by dH~2~O and ethanol, and dried, obtaining CEL-APTES. 1 g of CEL-APTES was suspended in 100 mL of 50 mM MES buffer (pH 6.0), and then 0.2 g of PGA, 0.1 g EDC and 0.11 g NHSS were added into the suspension. The mixture was stirred at room temperature for 24 h, filtered and washed by water, obtaining CEL-PGA. 1 g of CEL-PGA was further suspended in 100 mL of 50 mM MES buffer (pH 6.0), and then 0.15 g of MSNs, 0.1 g EDC and 0.11 g NHSS were added into the suspension. The mixture was stirred for 24 h and washed, obtaining the final CEL-PGA-MSN. The microfibers were characterized by scanning electron microscopy (SEM) with energy dispersive X-ray spectrometry (EDS) mapping (Tecnai G2 F20 S‐TWIN, FEI, USA), inductively-coupled plasma (ICP, Perkin Elmer, USA), Fourier-transform infrared spectroscopy (FT-IR, Vertex 70, Bruker, USA) and XPS analysis (PHI 5000 Versa Probe, ULVAC, Japan).Fig. 1Synthetic route and characterization of the modified cellulose microfibers. (a) Synthetic route of the microfibers. (b) SEM images. The red arrows indicate the MSNs modified onto the microfibers. (c) Silica contents (w/w) of the modified microfibers revealed by ICP assays. \* indicates significant difference between the groups (*P* \< 0.05). (d) Amplified SEM image and EDS mapping of CEL-PGA-MSN. (e) XPS spectra of CEL-PGA-MSN. Left, whole spectrum; right, Si2p spectrum. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

2.3. Adsorption assays of the EV71 epitope {#s0025}
------------------------------------------

To assess the adsorption ability of the modified microfibers, the solution of the EV71 epitope peptide VP2-ep (in PBS) were added into the microfiber suspension (100 mg/L, prepared in PBS) to a final concentration of 100 mg/L. The mixture was shaken for 24 h and then filtered, obtaining filtering liquid for determining fluorescence intensity by a microplate reader (PerkinElmer, USA).

2.4. Adsorption assays of EV71 {#s0030}
------------------------------

100 μL of EV71 solution were diluted in 10 mL dH~2~O, and then 100 mg of the microfibers were added. The mixture was shaken for 2 h or for indicated time and filtered. The filtered liquid was used for RNA extraction in a nucleotide extractor (QIAcube HT, USA). EV71 nucleotides were detected using the QX100 Droplet Digital PCR (ddPCR) System (Bio-Rad, USA) [@b0055], with the EV71 detecting primers EV71-S (GCAGCCCAAAAGAACTTCAC) and EV71-A (ATTTCAGCAGCTTGGAGTGC).

3. Results {#s0035}
==========

3.1. Characterization of the modified cellulose microfibers {#s0040}
-----------------------------------------------------------

Owing to the presence of positively charged epitopes on the surface of EV71, two negatively charged components, e.g., PGA and MSNs, were covalently grafted to the surface of cellulose microfibers ([Fig. 1](#f0005){ref-type="fig"}a). SEM observations revealed that the modified microfibers (*i.e.*, CEL-APTES, CEL-PGA, and CEL-PGA-MSN), as compared to the initial CEL microfibers with a diameter of 30--50 μm, had a decreased diameter (10--20 μm) ([Fig. 1](#f0005){ref-type="fig"}b), which was attributed to the dispersion effect of NaOH and urea. Moreover, the final CEL-PGA-MSN showed obvious MSN distribution on the surface of the microfibers. Consistently, ICP assays revealed that CEL-PGA-MSN had much higher Si contents than other microfibers (11% *versus* \< 1.2%) ([Fig. 1](#f0005){ref-type="fig"}c). High-resolution SEM and EDS mapping indicated that the MSNs and corresponding Si atoms on the surface of the CEL-PGA-MSN microfibers ([Fig. 1](#f0005){ref-type="fig"}d). XPS and FTIR analysis further confirmed the existence of the expected elements (*i.e.*, C, O, N, and Si, [Fig. 1](#f0005){ref-type="fig"}e), and the presence of the Si-O and --CO--NH-- groups in CEL-PGA-MSN ([Fig. S1](#s0065){ref-type="sec"}). These results indicate successful modification of MSNs on the final cellulose microfibers.

3.2. Adsorption of the EV71 epitope by the modified cellulose microfibers {#s0045}
-------------------------------------------------------------------------

VP2 is one of the most important surface proteins of the EV71 capsid, and the neutralizing epitope VP2-ep (AGGTGTEDTHPPYK) is a representative exposure region [@b0060]. VP2-ep contains two exposed positively charged amino acids (*i.e.*, His10 and Lys14, [Fig. 2](#f0010){ref-type="fig"} a), which may interact with negatively charged PGA and MSNs on CEL-PGA-MSN ([Fig. 2](#f0010){ref-type="fig"}b). Epitope adsorption assays were performed to verify the strong interaction between VP2-ep and the negatively charged microfibers. Expectedly, the negatively charged microfibers (*i.e.*, CEL-PGA and CEL-PGA-MSN) had much higher *K* ~d~ values than CEL and CEL-APTES, and CEL-PGA-MSN showed the highest *K* ~d~ value (15255 L/kg) ([Fig. 2](#f0010){ref-type="fig"}c). Therefore, the final microfibers had highest activity to bind the EV71 epitope VP2-ep.Fig. 2Adsorption of VP2-ep by the modified cellulose microfibers. (a) Structure of VP2-ep. The dotted purple circles indicate the positively charged groups in the epitope. (b) Adsorption model of VP2-ep binding to CEL-PGA-MSN, indicating the interaction between the VP2-ep peptide and the microfibers through the positively charged amino acids and the negatively charged PGA/MSNs. (c) *K*~d~ values of VP2-ep to microfibers. *K*~d~ is the distribution coefficient of peptides between adsorbed and solution phases (L/kg), calculated as (*C*~0~ − *C*~e~)/(*C*~microfiber~·*C*~e~), where *C*~0~ is the initial VP2-ep concentration in solution, *C*~e~ is its equilibrium concentration in solution, and *C*~microfiber~ is the microfiber concentration in solution. \* indicates significant difference between the groups (*P* \< 0.05). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.3. Adsorption of EV71 by the modified cellulose microfibers {#s0050}
-------------------------------------------------------------

The high binding activity of CEL-PGA-MSN to the EV71 VP2 epitope suggests its high EV71-adsorption ability. To verify this, the virus was firstly cultured in RD cells, which displayed obvious shrinking morphology as compared to un-infected RD cells ([Fig. 3](#f0015){ref-type="fig"} a), and then isolated from the host cells for adsorption assays. ddPCR analysis revealed that as compared to the supernatant samples after CEL adsorption that exhibited highest positive droplets (blue colors), the supernatants after adsorption by the modified microfibers had obvious decreased positive droplets, and the supernatants after CEL-PGA-MSN adsorption had the least positive droplets ([Fig. 3](#f0015){ref-type="fig"}b). Statistical analysis further showed that CEL-PGA-MSN adsorbed highest levels of EV71 (\>80%) among these microfibers after 2 h ([Fig. 3](#f0015){ref-type="fig"}c). Time-dependent experiment further showed that the adsorption capacity increased with increase in incubation time, and reached \> 95% after 4 h ([Fig. S2](#s0065){ref-type="sec"}). Moreover, even after 5 operating times, the microfibers kept the adsorption capacity \> 65% ([Fig. S3](#s0065){ref-type="sec"}), indicating its good reusability. Therefore, CEL-PGA-MSN had the strongest ability to adsorb EV71 virus. [@b0050] Fig. 3Adsorption of EV71 by the modified cellulose microfibers. (a) Microscopic images of the RD cells and EV71-infected RD cells. (b) Droplet digital PCR (ddPCR) analysis of the contents of EV71 nucleotides in the EV71 solution after microfiber adsorption. (c) Statistical analysis of adsorbed EV71 by the microfibers. \* indicates significant difference between the groups (*P* \< 0.05).

In conclusion, we prepared a novel kind of cellulose microfibers by covalent co-modification of negatively charged polymers (PGA) and inorganic nanoparticles (MSN). The obtained CEL-PGA-MSN showed excellent adsorption capacity to the EV71 VP epitopes and consequent EV71 virus. This study sheds a novel light on development of low-cost, reusable, and high-efficient virus-removing materials.
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